Pyruvate dehydrogenase phosphatase 1 (PDP1) catalyzes dephosphorylation of pyruvate dehydrogenase (E1) in the mammalian pyruvate dehydrogenase complex (PDC), whose activity is regulated by the phosphorylation-dephosphorylation cycle by the corresponding protein kinases (PDHKs) and phosphatases. The activity of PDP1 is greatly enhanced through Ca 2+ -dependent binding of the catalytic subunit (PDP1c) to the L2 (inner lipoyl) domain of dihydrolipoyl acetyltransferase (E2), which is also integrated in PDC. Here, we report the crystal structure of the rat PDP1c at 1.8 Å resolution. The structure reveals that PDP1 belongs to the PPM family of protein serine/threonine phosphatases, which, in spite of a low level of sequence identity, share the structural core consisting of the central β-sandwich flanked on both sides by loops and α-helices. Consistent with the previous studies, two well-fixed magnesium ions are coordinated by five active site residues and five water molecules in the PDP1c catalytic center. Structural analysis indicates that, while the central portion of the PDP1c molecule is highly conserved among the members of the PPM protein family, a number of structural insertions and deletions located at the periphery of PDP1c likely define its functional specificity towards the PDC. One notable feature of PDP1c is a long insertion (residues 98-151) forming a unique hydrophobic pocket on the surface that likely accommodates the lipoyl moiety of the E2 domain in a fashion similar to that of PDHKs. The cavity, however, appears more open than in PDHK, suggesting that its closure may be required to achieve tight, specific binding of the lipoic acid. We propose a mechanism in which the closure of the lipoic acid binding site is triggered by the formation of the intermolecular (PDP1c/L2) Ca 2+ binding site in a manner reminiscent of the Ca 2+ -induced closure of the regulatory domain of troponin C.
The mammalian pyruvate dehydrogenase complex (PDC) 1 catalyzes the conversion of pyruvate to acetyl-CoA and reduction of NAD + through a concerted action of the three major components: pyruvate dehydrogenase (E1), dihydrolipoyl acetyltransferase (E2) and dihydrolipoyl dehydrogenase (E3). PDC activity couples two major energy-generating pathways, glycolysis and the citric acid cycle. PDC is tightly regulated by a phosphorylation/ dephosphorylation cycle that determines the proportion of active E1. The inactivation of PDC by phosphorylation of several serine residues on the E1 Abbreviations used: PDC, pyruvate dehydrogenase complex; E1, pyruvate dehydrogenase; E2, dihydrolipoyl acetyltransferase; E3, dihydrolipoyl dehydrogenase; PDP, pyruvate dehydrogenase phosphatase; PDP1r, regulatory subunit of PDP; PDP1c, catalytic subunit of PDP; PP2C, protein phosphatase 2C; PstP, protein serine/threonine phosphatase; RMSD, root-mean-square deviation; PDHK, pyruvate dehydrogenase kinase.
E-mail address of the corresponding author: dmitry@uab.edu α chain is catalyzed by pyruvate dehydrogenase kinase (PDHK), 2 whereas pyruvate dehydrogenase phosphatase (PDP) reactivates E1 by removing the phosphate groups. PDP1, a dominant isoform in Ca 2+ -sensitive tissues, 3 consists of two subunits: the 96 kDa subunit that is thought to be regulatory (PDP1r), and the 52.6 kDa catalytic subunit (PDP1c). 4 PDP1c catalyzes the dephosphorylation reaction that requires Mg 2+ and is stimulated by Ca 2+ . [5] [6] [7] The calcium-mediated activation is particularly important in calcium-responsive tissues such as muscle, kidney and brain, where it stimulates the pyruvate dehydrogenase reaction and oxidative phosphorylation to satisfy the increased demand for energy. The activities of PDP1 or PDP1c are increased greatly by Ca 2+ -dependent binding of the catalytic subunit to the L2 (inner lipoyl) domain of E2, 8 so that dephosphorylation is intramolecular. In the absence of Ca 2+ , PDP1 does not bind to E2 and dephosphorylation is intermolecular, the rate of reaction is limited by diffusion-collision and decreases to the values comparable to that of dephosphorylation of uncomplexed phosphorylated E1. 9 PDP1r is a flavoprotein with a bound FAD molecule, 4 and its regulatory role is poorly understood. Apparently, PDP1r downregulates the PDP1 reaction, since increased concentrations of Mg 2+ are required for efficient catalysis by the PDP1 heterodimer compared to that of isolated PDP1c.
9 PDP1c belongs to the PPM family of Ser/Thr phosphatases, 10 yet it shares only ∼21-24% sequence identity with the protein phosphatase 2C (PP2C) from different organisms (Toxoplasma gondi and human PP2Cs, 11 human PPM1K and phosphatase 2C domain of PPM1B), whose crystal structures have been determined (see also PDB entries 2I44, 2P8E, and 2IQ1). 12 Another crystal structure of the catalytic domain of Mycobacterium tuberculosis protein phosphatase (PstP) shows similar principal motifs, suggesting unified catalytic and substrate recognition mechanisms for the PPM family phosphatases. 13 The protein Ser/Thr phosphatases are metalloenzymes with a binuclear metal-binding site that catalyzes the dephosphorylation, presumably by a nucleophilic attack of the phosphate by a metal-activated water molecule or hydroxide ion.
In order to better understand the dephosphorylation reaction in PDC, as well as the interactions and regulatory issues in PDP1c functional complexes, we have determined the crystal structure of rat PDP1c.
The structure of PDP1c
The asymmetric unit of PDP1c crystal structure contains two nearly identical molecules related by non-crystallographic 2-fold rotational symmetry. The molecules can be superimposed with a rootmean-square deviation (RMSD) of 0.022 Å for the 382 Cα atoms. The individual molecule of PDP1c is built around the central β-sandwich comprising the two antiparallel β-sheets and flanked on each side by loops and α-helices (Figure 1(a) ). One β-sheet includes strands β1, β2, β12, β11, β8, and β9 with flanking antiparallel helices α11 and α12. In addition, the N and C-terminal helices α1 and α13 protrude from this β-sheet out of the strands β1 and β12, respectively. The second β-sheet includes strands β5, β3, β4, β6, β7, and β10 surrounded by the antiparallel helices α6 and α2/α3 that form a bundle with the other two antiparallel helices α4 and α5. The short helices α7, α8, and α9 with connecting loops are located on the top of the molecule above the β-sandwich. Some of the solvent-exposed parts of the PDP1c molecule are disordered and are not included in the model. These are residues 111-114, 152-157, 304-314, 374-404, and 418-442, which probably form flexible loops in the PDP1c molecule. However, more than 80% of the molecule is well defined, as judged by the Ramachandran plot, RMSD from standard bond lengths and bond angles, and the overall temperature factor ( Table 1) .
In the crystal, the PDP1c molecules make only a limited number of polar contacts and the crystal packing does not suggest any stable oligomeric states in solution (but see below). Nevertheless, it was shown that PDP1c exists in solution in a dynamic monomer/dimer equilibrium, 8 and that the formation of the functional complexes with PDP1r and/or L2 domain of E2 shifts this equilibrium towards the monomeric state.
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The catalytic site
The binuclear cluster of the magnesium atoms located between the β-sheets forms the core of the catalytic site (Figure 1(b) ). Identification of the magnesium ions was supported by the electron density maps, crystallographic refinement, and the fact that magnesium chloride was present in the crystallization buffer. The two magnesium ions are separated by 3.7 Å. Each of the magnesium ions is octahedrally coordinated by six oxygen atoms. The first magnesium ion (cMg1) interacts with the sidechains of Asp73, Asp347, Asp445, and with three water molecules. The second magnesium ion (cMg2) interacts also with the side-chain of Asp73, the carbonyl oxygen atom of Gly74, and three water molecules. In addition, an exposed loop (residues 228-233) of the symmetry related molecule is trapped in the active site where the side-chain of Glu230 coordinates cMg2 (Figure 1(b) ). One of the water molecules (W1, Figure 1(b) ) bridges cMg1 and cMg2. The distances between magnesium and coordinating oxygen atoms are within 2.0-2.18 Å. The perfect coordination of the catalytic magnesium ion achieved through participation of the symmetryrelated molecule suggests that the crystallographic dimer, though apparently unstable, may correspond to the PDP1c dimeric state observed in solution. 8 The fact that the increased concentration of Mg 2+ is required for the efficient PDP1c catalysis upon formation of the PDP1c/PDP1r heterodimer led to the suggestion that PDP1r may modify or block the PDP1c catalytic site. 9 The regulation through the remodeling of the active site that, in particular, affects the coordination geometry of the metal ions was proposed for the other systems utilizing the two-metal-mediated catalytic mechanism. For instance, transcription factors employ a long coiled-coil domain protruding through the secondary channel of RNA polymerase to target the catalytic magne- sium ions with the two or more acidic residues located at the tip of the coiled-coil domains; 14, 15 RNase H functions efficiently only when the two metal ions are separated by an ideal distance and possess an appropriate coordination geometry. 16 Altogether, these data and our observation that the symmetry-related molecule is involved in coordination of the catalytic magnesium ion support a hypothesis that a similar remodeling of the PDP1c catalytic center may mediate regulation of the PDP1c activity by PDP1r. The presence of a lowaffinity magnesium binding site in PDP1r would explain the magnesium -dependent regulatory effect: at low concentrations of Mg 2+ , this site will remain unoccupied, allowing one of the acidic residues (that would be involved in metal coordination) to coordinate the PDP1c catalytic magnesium ion instead, thereby blocking access of the natural substrate to the active site. In contrast, at high concentrations of Mg 2+ this putative acidic sidechain would switch interactions to the internal PDP1r magnesium ion, causing the release of PDP1r from the catalytic center and the recovery of the PDP1c active configuration.
Comparison with the PPM phosphatases
A number of structures for the human PP2C-like phosphatases that exhibit high levels of similarity in the three-dimensional structures are now available in the PDB (see above). We present comparison with one of the human proteins, PP2C, 12 as well as with bacterial PstP, 13 another member of the PPM family that is evolutionarily distant from the eukaryotic enzymes. Superposition of the PDP1c on the PP2C and PstP structures shows RMSD values of 2.6 Å and 3.4 Å for the 234 and 213 Cα atoms, respectively (Figure 2 (a) and (b)). As expected for the PPM family members, many elements of the secondary structure, as well as the structural topology, are conserved among PDP1c, PP2C and PstP (Figure 2(a) and (b)) in spite of a quite a low level of sequence The crystals belong to the space group P2 1 and possess perfect merohedral twinning with the twinning operator {-h, -k, l}. 24 There are two molecules in the asymmetric unit related by the non-crystallographic 2-fold axis closely resembling the crystallographic P2 1 2 1 2 1 symmetry. The unit cell parameters are a = 65.32 Å, b = 72.22 Å, c = 96.09 Å, α = β = γ = 90°. The native diffraction data at 1.8 Å resolution were collected at the synchrotron at 100 K and were processed using the program HKL2000. 25 The structure was solved by the multiple isomorphous replacement (MIR) method using platinum and mercury heavy-atom derivatives. The positions of the heavy atoms were determined by difference Patterson and difference Fourier methods using the CCP4 program suite. 26 The MIR phases were calculated with the MLPHARE program, 26 and improved by solvent flattening using the DM program. 26 The model was built manually using the interactive graphics program O, 27 and refined using the twinning protocol implemented in the CNS program. 28 The refinement converged to a final R-factor of 21.8% (R free = 26.8%). The data for the highest resolution shell are shown in parentheses.
a I/σ(I) is the ratio of mean intensity to a mean standard deviation of intensity.
N where I j (hkl) and bI(hkl)N are the intensity of measurement j and the mean intensity for the reflection with indices hkl, respectively. similarity (21% and 17% identity for PP2C and PstP, respectively). The conserved structural motif represents the β-sandwich comprising the two antiparallel β-sheets, each of which is flanked by two antiparallel α-helices. There are five strands conserved in each β-sheet. Both PDP1c and PP2C have an additional β-strand (β1) at the edge of one β-sheet. PDP1c has a unique additional β-strand (β5) in the second β-sheet. New elements of the secondary structure in PDP1c, as compared to PP2C and PstP, include the N-terminal helix (α1), the C-terminal helix (α13) and the short helices α7 and α9. The large insertion in PDP1c (residues 98-151) that has no counterpart in either PP2C or PstP (Figure 2 (a) and (b)) forms the PDP1-specific additional elements of the secondary structure: the short helix α4, a loop region with the short strand β5, and the long helix α5 aligned along the helix α2/α3 (Figure 1(a) ). Remarkably, the molecular surface representation (Figure 3(a) ) reveals the large hydrophobic cavity formed by this structural insertion. Other insertions in PDP1c include residues 371-411 and 430-454, which appeared disordered in the crystal structure. Spatially, they could be folded in the same area as the remote C-terminal domain of PP2C composed of three antiparallel helices (Figure 2(a) ). The region of PDP1c comprising residues 244-279, termed the flap, is poorly conserved in all the three phosphatases ( Figure 2 ) and varies in length, secondary structure, and conformation. While the flap is still relatively similar in the crystal structures of PDP1c and PP2C, in the PstP phosphatase it adopts a strikingly different conformation that actually prompted its name (Figure 2(b) ). At the same time, a third metal-binding site was identified 5.6 Å from the catalytic binuclear core in PstP, and two oxygen atoms from one serine residue in the flap were found to contribute to the coordination of the third metal ion. Other coordinating residues (in the PDP1c numbering) include two conserved aspartic acid residues (Asp220 and Asp347) and two water molecules. Since the third metal ion is relatively far from the binuclear core and does not change its coordination, the phosphatase is active and the crystals hydrolyze p-nitrophenyl phosphate. 13 On the basis of the PstP crystal structure, it was suggested that the flap may undergo similar conformational changes in other PPM phosphatases, and thus can potentially have some general regulatory role. 13 However, remodeling of the corresponding flap region in PDP1c to achieve the PstP configuration does not suggest any third metal-binding site. The coordinating serine residue in PstP is substituted for leucine in PDP1c, and no other residue(s) that could provide the coordinating bond(s) for the magnesium ion is apparent.
The catalytic sites of PDP1c, PP2C and PstP are nearly identical, as judged by the superimpositions of their crystal structures. The binuclear core of PDP1c is, however, formed by the two magnesium ions, in place of the two manganese ions in PP2C and PstP. The octahedral coordination of each metal ion of the core is established by three conserved aspartic acid residues, one conserved glycine, and five ordered water molecules, including one water molecule bridging the two metal ions. The coordination of one of the magnesium ions by the side-chain of Glu230 from the symmetry-related molecule in PDP1 is replaced by the water molecule in both PP2C and PstP. The results of site-directed mutagenesis indicated that Asp60 and Asp239 are absolutely essential for catalysis in PP2C. 17 These residues correspond to the structurally conserved residues Asp73 and Asp347 in PDP1c. Moreover, Asp282 in PP2C (Asp445 in PDP1c) is also important for catalysis. Consistently, site-directed mutagenesis in PDP1c revealed that Asp347 is absolutely essential, whereas Asp445 is important for the catalysis. 18 It was shown also that Asp54 (which does not interact directly with the magnesium ions) is catalytically important, probably because it makes stabilizing interactions with Asp73 and the two water molecules coordinating the metal ion directly. Asp54 corresponds to Asp38 in PP2C. Thus, both structural and mutational analyses suggest that the dephosphorylation reaction follows the general mechanism proposed previously; 12 however, some other residues in the catalytic site may vary according to specific species and/or target tissues.
Variations in the catalytic site
Both PDP1c and PP2C have a conserved histidine residue (His75 in PDP1c) in the catalytic site, whereas PstP does not. The corresponding histidine residue in PP2C (His62) was proposed to act as a general acid that protonates the leaving group (peptide) at the final step of the protein dephosphorylation reaction; indeed, the His62Ala mutation decreased the PP2C activity dramatically. 17 In contrast to PP2C, PstP and some other phosphatases, PDP1c in vertebrates does not conserve Arg33, which is hydrogen bonded to the phosphate ion in the PP2C crystal structure. 12 In PDP1c, this arginine is substituted for uncharged asparagine (Asn49), whose side-chain (based on the superimposition) is distant from the phosphate ion. Thus, the same interaction that was thought to mediate binding of the substrate phosphate group seems unlikely in PDP1c, as there is no other arginine or lysine residue that could interact with the phosphate group without major conformational changes of the protein backbone. Consistently, mutation of Asn49 to alanine did not seriously impair the PDP1c catalytic activity. 18 We speculate that, since His75 may be positively charged, 17 it may bind the substrate phosphate group in PDP1c upon reorientation of the side-chain. The role of His75 as a general acid seems questionable; in particular, because in the PstP phosphatase it is substituted for methionine and there is no other histidine residue in the catalytic site. 13 Although the fine details of the dephosphorylation catalytic mechanism are still the subject of further study, the two Mg 2+ /Mn 2+ coordinated by conserved aspartic acid residues and glycine main chain seem indispensable for the catalysis in the PPM phosphatases.
Implications for the PDP1/PDC assembly
The binding of the L2-domain of E2 to PDP1c is Ca 2+ -dependent, and is mediated by the lipoic acid attached covalently to the Lys residue of L2. 8, 19 In the absence of Ca 2+ , PDP1c cannot form the stable complex with E2, resulting in substantial loss of the PDP1c catalytic activity. 9 Interestingly, while the PDP1c/L2 complex has high affinity for Ca 2+ , PDP1c and L2 alone do not bind calcium. 8 These data suggest that PDP1c likely possesses the two major binding sites: (i) a presumably hydrophobic site that accommodates the lipoyl moiety of E2; and (ii) an acidic patch that would complement the L2 residues to achieve the Ca 2+ specificity. Whereas the location of the intermolecular Ca 2+ binding site in PDP1c is difficult to predict in the absence of direct structural data on the PDP1c/L2 complex, the intramolecular lipoic acid binding site in PDP1c could be proposed, on the basis that the PDP1c structure alone likely assumes similarity to PDHK, for which the complex structures with the L2-domain are available. 20, 21 Indeed, the size, shape and hydrophobic nature of the PDHK pocket in which the L2 lipoyl moiety is inserted impose rather strong restraints on the structural properties of the corresponding PDP1c binding site (Figure 3(b) ). The inspection of the PDP1c structure revealed only one hydrophobic cavity that is reminiscent of the PDHK lipoic acid binding site (Figure 3(a) and (c) ). Importantly, the PDP1c cavity is rimmed by the unique structural motif (residues 98-151) that is absent from the structures of homologous phosphatases (see above) that lack specificity to PDC and are therefore unlikely bind to the L2-domain.
Our modeling of the lipoic acid binding to PDP1c is, however, compromised by the fact that the PDP1c residues forming the hypothetical binding site are highly conserved in PDP2, which does not bind the L2-domain (Figure 3(d) ). 3, 18 There are two possible explanations for this contradiction. First, in view of the apparent lack of the alternative lipoic acid binding site in the experimentally resolved portion of the PDP1c structure, one may presume that the binding site is formed by flexible structural segments disordered in the crystal. Indeed, the fragment comprising residues 407-443 (not resolved in the PDP1c structure) seems long enough to form an alternative lipoic acid binding site upon folding. However, this region is as well conserved between the PDP1 and PDP2 as the proposed binding site motif (data not shown). We therefore favor the second possibility, in which structural alterations induced by the relatively subtle sequence differences between PDP1 and PDP2 may determine affinities of these proteins to the L2-domain. On the basis of the structural, functional and sequence analysis, we suggest one plausible hypothesis. Structural comparison shows that, although the PDP1c putative lipoic acid hydrophobic binding site closely resembles that of PDHK in shape and amino acid configuration, it appears substantially more open (∼14 × 12 Å in PDP1c versus 8 × 8 Å in PDHK; Figure  3(a) and (b) ). Therefore, a closure of the PDP1c cavity may be required to provide tight binding and specific recognition of the lipoyl moiety; this closure may be achieved through the subtle rotation (∼10-15°) of the α4 and/or α5 helices towards the modeled lipoic acid. It is worth noting that these α-helices are likely mobile, as they are located on the surface of the molecule and are connected to the rest of the protein through flexible loops that appear partially disordered in the crystal structure. Given the Ca 2+ -dependent mode of the L2 recruitment to PDP1c, we speculate that these structural rearrangements may be triggered by the binding of the calcium ion(s) whose affinity to PDP1c would be increased dramatically through formation of the PDP1c/L2 intermolecular Ca 2+ binding site(s). This hypothesis suggests, in particular, that PDP2 (which possesses no affinity to calcium) while likely maintaining the lipoic acid binding site in its open configuration (Figure 3(d) ) cannot isomerize to the closed state required for the L2 binding because of the absence of the calcium binding residues. The proposed Ca 2+ -dependent mechanism of the PDP1c/L2 association appears very similar to that of the troponin complex, which regulates muscle contraction in a Ca 2+ -dependent manner. Indeed, the binding of Ca 2+ to the EF-hand of the N-terminal regulatory domain of troponin C occurs only at high concentrations of Ca 2+ and induces structural rearrangements (involving, in particular, rotation of the α-helices) in this domain, resulting in the closure of the hydrophobic cavity that allows specific binding of the regulatory amphipathic α-helix of troponin I. 22, 23 Subsequently, dissociation of the calcium ion from the troponin C N-terminal To provide additional insight into the mechanism of the PDP1c/L2 binding and to identify the acidic amino acids that might constitute the PDP1c portion of the Ca 2+ binding site(s), we have constructed a rough structural model of the PDP1c/L2 complex (Figure 4 ) that matches the following criteria. First, the L2 lipoyl moiety is inserted into the proposed hydrophobic pocket on the PDP1c surface. Second, no significant alteration of the PDP1c and L2 structures was made during the modeling. Third, there is no steric clash between the PDP1c and L2 structures in the model. Finally, assuming the closure of the lipoic acid binding site via the Ca 2+ -induced movement of the α4 and/or α5 helices, the L2 Ca 2+ ligands previously proposed on the basis of the results of site-directed mutagenesis (Glu162, Glu179, and Glu182) were positioned in close proximity to these PDP1c structural elements. The final model suggests the two distinct yet spatially adjacent PDP1c regions that, together with the identified L2 acidic residues, may constitute two alternative/complementary Ca 2+ regulatory binding sites. First, the N terminus of α4 helix appears proximal to the L2 Glu179 side-chain and contains the three potential Ca 2+ ligands (Glu100, Thr101, and Glu104) (Figure 4(b) ), of which two, Glu100 and Glu104, are substituted for Lys and Gln in PDP2, respectively (Figure 3(d) ) that would be incapable of the Ca 2+ binding. Second, the loop intervening between the α5 and α6 helices that is partially disordered in the PDP1c structure approaches the Glu162 and Glu182 residues of L2 (Figure 4(b) ). This segment, which in PDP1c contains the two acidic residues Glu155 and Asp158, and the polar Ser156, is most poorly conserved between PDP1 and PDP2. According to the sequence alignment (Figure 3(d) ), in PDP2 this loop has a two residue deletion and the substitution of Asp158 for Gly, a change that seems incompatible with the formation of the Ca 2+ binding site.
In conclusion, though in the absence of the supporting biochemical data the model of the PDP1c/ L2 complex remains purely hypothetical and cannot be used for structural analysis at the atomic level, it generates several important functional predictions that can be tested through the limited set of focused biochemical experiments. This model therefore provides a starting point for future functional and structural studies of the mechanisms of the PDP1 action and its regulation. A more detailed understanding of these mechanisms awaits the determination of the experimental crystal structure of the ternary PDP1c/L2/Ca 2+ complex.
Protein Data Bank Accession code
The coordinates and structure factors for the PDP1c crystal structure have been deposited in the Protein Data Bank with accession code 2PNQ.
